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Introduction
Osteosarcoma (OS) is regarded as the most common malignant bone tumor in children and adolescents, with a peak incidence in the second decade of life [1] . Due to the application of adjuvant chemotherapy after surgery, the overall survival rate for patients with nonmetastatic OS can be expected to be around 70 % [2] . However, it falls to approximately 25 % to 50 % for patients with lung or bone metastases. And these survival rates appear to reach a plateau phase for the past 20 years. Furthermore, in some cases, the unwanted side effects of chemotherapy may result in treatment interruption or dose reduction, even in relatively young patients [3] . Therefore, there is an imperative to develop more effective drugs against OS.
Estrogens are known to have multiple functions in growth, differentiation and maintenance of many tissues, including bone containing estrogen receptor alpha (ERα) and beta (ERβ) [4] . Given the similar molecular structures between estrogens and phytoestrogens, it is possible that plant-derived phytoestrogens can mimic the effects of estrogen in ERpositive cells via binding to ERs [5] . The existence of ERβ in osteosarcoma has been reported by Dohi and colleagues, who examined the existence of ER in 28 cases of osteosarcoma using immunohistochemistry and observed ERβ expression in 23 cases [6] . Meanwhile, Chrzan et al reported that genistein, phytoestrogen from soybeans, elicits estrogenic responses in human osteosarcoma cell line G-292 through transactivation of ERβ1, indicating the estrogen-like effects of phytoestrogens in osteosarcoma [7] . Interestingly, there are several phytoestrogens that exhibit both estrogenic and antiestrogenic properties, thereby contributing to their anti-cancer properties on estrogen-dependent cancers. Phytoestrogens can be categorized as isoflavones, lignans, stilbenes and coumestans, which function much as natural selective estrogen receptor modulator [8] . The isoflavones formononetin and calycosin are two main active components of Radix astragali. As a traditional herbal medicine, Radix astragali has been widely used in China and East Asia for thousand years for the treatment of diabetes, hypertension, wound healing, cancers and so on [9] In previous studies, the formononetin and calycosin have been discussed to be anti-proliferative for breast and prostate cancers by promoting apoptosis and arresting cell cycle, which was obtained by upregulation of ERβ [10] [11] [12] . Accordingly, we speculate that formononetin and calycosin may also exert anticancer effects in ER-positive human osteosarcoma cells.
Targeting apoptotic pathways appears as promising approaches to prevent and treat cancers. Hence, the present study aimed to investigate the biological activities of the isoflavones formononetin and calycosin in proliferation and apoptosis of human osteosarcoma cell line U2OS, along with the underlying molecular mechanism. We here reported for the first time that formononetin suppressed cell growth by triggering apoptosis of U2-OS cells, which is mediated through inactivation of extracellular signal-regulated kinase (ERK) and serine/ threonine kinase (Akt) signaling pathways, including downregulation of B-cell lymphoma 2 (Bcl-2), upregulation of Bcl-2 associated protein X (Bax) and cleavage of caspase-3.
Materials and Methods

Cell culture
Experiments were performed on human osteosarcoma cell line U2OS obtained from the American Type Culture Collection (ATCC, Manassas, USA). Cells were grown at 37 °C and 5 % CO 2 in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, CA, USA), containing 10 % fetal calf serum (FCS; Sigma-Aldrich, St. Louis, USA), 100 U/ml penicillin and 100 μg/ml streptomycin.
MTT assay
Cell proliferation was measured using 3-(4,5-dimethylthiazol-2-yl) - was purchased from Phytomarker Ltd (Tianjin, China). Their stock solution was prepared by dissolving formononetin and calycosin in dimethyl sulfoxide (DMSO) and stored at 4 °C until use. After 48 h, MTT was added into the U2OS cells to a final concentration of 0.5 mg/ml and incubated for 4 h at 37 °C. Next, the supernatant was discarded and 200 µL DMSO was added to dissolve the formazan crystals. The optical density (OD) at 570 nm was determined with a spectrophotometer (Thermo Scientific, MA, USA).
Flow cytometry assay
After treatment with formononetin (0, 20, 40 and 80 μM) for 48 h, U2OS cells were harvested and rinsed with ice-cold PBS. Then cells were stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) (BD Biosciences, CA, USA) for 30 min at room temperature. Apoptotic ratio was detected by a FACS Aria flow cytometer (Beckman Coulter, FL, USA). Cells stained positive for Annexin V-FITC and negative for PI were considered early apoptotic.
Quantitative Real-time PCR (qRT-PCR) Assay
After treatment with formononetin (0, 20, 40 and 80 μM) for 48 h, quantification of caspase-3 mRNA levels in U2OS cells was measured by qRT-PCR. Subsequent to isolation of total RNA with TRIzol Reagent (Invitrogen, CA, USA), the first strand cDNAs were generated with RevertAid TM First Strand cDNA Synthesis Kit (Fermentas, MD, USA) following the manufacturer's protocol. qRT-PCR was performed using a SYBR Green PCR kit (Roche, Mannheim, Germany) with GAPDH as an internal control.
Western blot assay U2OS cells were incubated with formononetin at concentrations of 0, 20, 40 and 80 μM for 48 h or 80μM for 0, 24, 48, 72 and 96 h. Then the protein samples were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), transferred to polyvinylidene difluoride membrane (Millipore, MA, USA), and probed with primary antibodies against ERK (1:1000; Cell Signaling Technology, MA, USA), p-ERK (1:1000; Cell Signaling Technology, MA, USA), Akt (1:1000; Cell Signaling Technology, MA, USA), p-Akt (1:1000; Cell Signaling Technology, MA, USA), Bax (1:1000; Proteintech, IL, USA), Bcl-2 (1:1000; Proteintech, IL, USA) and GAPDH (1:10000; KangChen Bio-tech, Shanghai, China). Each band intensity was analyzed using the NIH Image J system (Bethesda, MD, USA) and normalized to the intensity of the loading controls.
Statistical analysis
All experiments were performed at least three times independently. Data are presented as mean ± SD. Significant differences were assessed using One-way ANOVA tests. A p-value <0.05 was considered statistically significant.
Results
Formononetin and calycosin suppresses the proliferation in human osteosarcoma U2OS cells
The anti-proliferative effect of formononetin and calycosin on human osteosarcoma U2OS cells was respectively examined using MTT assay. As shown in Fig. 1 , both formononetin and calycosin caused significant decrease in the proliferation of U2OS cells in a dose-responsive manner (P<0.05). Meanwhile, formononetin exerted stronger anti-proliferative effect on U2OS cells when compared with calycosin. Given the close similarity between formononetin and calycosin, here formononetin that further enhanced inhibition of U2OS cell proliferation was applied to investigate the underlying mechanism of isoflavones in treating osteosarcoma.
Formononetin induces apoptosis in human osteosarcoma U2OS cells
To further investigate whether the growth inhibition induced by formononetin in human osteosarcoma cells was caused by apoptosis, U2OS cells were respectively treated with various concentrations of formononetin for 48 h. Then the percentage of apoptotic cells was measured by flow cytometry. It was found that the number of early apoptotic cells gradually increased from 0.4 % (20 μM) to 35.1 % (80 μM) that was statistically different from 0.5 % in control group (P<0.05), as shown in Fig. 2A . Theses results suggested that growth suppression by formononetin in human osteosarcoma cells involved induction of apoptosis.
Activation of caspase-3 has been shown to initiate cleavage of a multitude of death substrates, resulting in cell apoptosis. To provide further evidence for formononetin-induced apoptosis, we examined caspase-3 activity in U2OS cells by qRT-PCR. Treatment with 
Inactivation of ERK and Akt by formononetin in human osteosarcoma U2OS cells
It has been reported that activation of mitogen-activated protein kinase (MAPK) and Phosphatidylinositol 3-kinase (PI3K)/Akt pathways is associated with caspase-3 expression. Thus the activation of ERK and Akt in formononetin-treated U2OS cells were evaluated by Western blot, so as to determine whether the modulations of ERK and Akt signaling pathways account for apoptosis induced by formononetin. We found that the phosphorylation levels of both ERK and Akt were markedly decreased in a dose-dependent manner following exposure to formononetin (P<0.05), as shown in Fig. 3A . Next, U2OS cells were incubated with 80 μM formononetin for different periods. Unexpectedly, although formononetin reduced phosphorylation of ERK and Akt, both p-ERK and p-Akt expression increased over time (Fig.  3B) , indicating that formononetin strongly regulates apoptosis-related gene expression in a relatively short term and reaches a maximal response at 24 h. Hence, these results suggested that inactivation of ERK and AKT might contribute to formononetin-induced apoptosis. 
Formononetin inhibits Bcl-2 expression but enhances Bax expression in human osteosarcoma U2OS cells
As downstream targets of ERK and Akt signaling pathway, Bcl-2 family proteins are closely correlated with apoptosis, of which Bcl-2 is a cell death inhibitor and Bax has a critical role in promoting apoptosis. We next detected the expression of Bcl-2 and Bax proteins in U2OS cells after treatment with formononetin by Western blot. It was demonstrated that, accompanied by inhibition of ERK and Akt phosphorylation, Bcl-2 expression levels were dose-dependently decreased (P<0.05), whereas Bax expression was up-regulated (P<0.05), as shown in Fig. 4 . It was identified that Bcl-2 and Bax might be downstream targets of ERK and Akt signaling pathways, which is involved in formononetin-triggered apoptosis in human osteosarcoma U2OS cells.
Discussion
It is known that osteosarcomas frequently occur in the second decade of life, when synthesis of sex steroids such as estrogen or androgen also reaches their peak, implying the involvement of sex steroids and receptors in the development of osteosarcomas [13] . Furthermore, the findings by Luo et al demonstrated that estrogen plays a key role in the proliferation of human osteosarcoma cells, and thus ER blockers could significantly suppress growth of human osteosarcomas [14, 15] .
Recently, phytoestrogens have received considerable attention because of their ability to bind estrogen receptors. Meanwhile, accumulating evidence proves that some phytoestrogens exhibit antiestrogenic activity via ER-mediated signaling pathway [16] [17] [18] . For example, Nakamura et al reported that genistein, an isoflavone found in soy, inhibited proliferation and decreased invasive potential of human osteosarcoma cell line LM8, indicating the role of phytoestrogens in the prevention and treatment of osteosarcomas [19] . Formononetin and calycosin are two other main components of isoflavones that have been proved the potential anti-cancer properties. Previously, ERβ-mediated proliferative inhibition and apoptosis by formononetin or calycosin has been reported in ER-positive human breast cancer cells MCF-7 and T-47D, suggesting the potential use of isoflavones in ERβ-positive cancer [20, 21] . Considering the observed ERβ expression in human osteosarcomas, we here firstly explored the inhibitory effect of formononetin and calycosin on human osteosarcoma cell line U2OS in vitro. As expected, both formononetin and calycosin markedly inhibited cell proliferation of U2OS cells in concentration-dependent manner. Moreover, the growth inhibitory effects induced by formononetin were greater than calycosin, which indicates that formononetin Cellular Physiology and Biochemistry may be superior to calycosin in treating human osteosarcoma. Accordingly, we next chose formononetin to explore how isoflavones mediate anti-proliferation effects on human osteosarcoma U2OS cells. Furthermore, it was shown that apoptosis is the predominant mode of formononetin-mediated cell death, as determined by increased early apoptotic rate with flow cytometry measurement. Caspases family participates in several different pathways, including inflammatory, development and apoptotic pathways [22] . By cleaving and activating each other, caspases family assures proper execution of cell death. Caspase-3 is the best known apoptotic executor that is responsible for induction of apoptosis program through activation of caspase-activated DNase and subsequent cleavage of DNA [23] . Previous studies have shown that formononetin-induced death of cancer cells is dependent on caspase-3 activation [24] . Similarly, here treatment of formononetin resulted in upregulation of caspase-3 in U2OS cells, further confirming that this anti-proliferative activity is mediated by caspase-dependent cell apoptosis.
Next, we tried to identify the upstream signaling of caspase-3 in formononetin-treated human osteosarcoma cell U2OS. It is suggested that activation of MAPK signaling pathway is involved in the promotion of cancer cell apoptosis by formononetin [10, 20] . Thus, we explored whether similar mechanisms apply to formononetin-induced cytotoxicity in human U2OS cells. MAPKs consist of three major subfamilies in mammalian cells, including p38 MAPK, ERK and c-Jun N-terminal kinase (JNK), among which the reduced ERK activation results in caspase-3-dependent apoptosis [25] . Then we here demonstrated that formononetin markedly decreased the phosphorylation of ERK in human osteosarcoma cells. Moreover, in present study, it was found that reduced ERK phosphorylation was accompanied by inactivation of Akt. PI3K/Akt signaling pathway is a pro-survival signals activated by growth factors, cytokines and hormones [26] . Activation of Akt favors cell survival through the regulation of apoptotic proteins, including Bcl-2 family and caspases [27, 28] . Thus we believe that, besides inactivation of ERK, the observed downregulation of Akt may be also involved in formononetin-induced apoptosis. These results suggested that formononetin induced caspase-dependent apoptosis in human osteosarcoma cells through both ERK and Akt signaling.
To further investigate how formononetin-mediated inactivation of ERK and Akt induces caspase-3 activation, we then detected the alteration in expression of Bcl-2 family members. Bcl-2 family could regulate the intrinsic mitochondrial pathway of apoptosis mainly by controlling cytochrome C release, which has been identified as upstream regulator of caspases cascade [29, 30] . Bcl-2 family comprises antiapoptotic components (e.g. Bcl-2 and Bcl-xL) and proapoptotic components (e.g. Bax, Bak and Bad) [31] . Moreover, numerous studies have shown that PI3K/Akt or MAPK pathways could result in regulation of Bax and Bcl-2, leading to activation of caspase-3 and cell death [32] [33] [34] . In present study, in response to regulation of ERK and Akt, Bax expression was significantly increased and Bcl-2 expression was downregulated with treatment of formononetin, leading to apoptotic cell death.
Taken together, this study is the first report to demonstrate the inhibitory activity of formononetin and calycosin on human osteosarcoma cells in vitro. In addition, inactivation of ERK and Akt is required for isoflavones-induced caspase-dependent cell apoptosis. Our study could provide insights into potential therapeutic use of isoflavones in clinical treatment of osteosarcomas.
